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THE KOBAYASHI-MASKAWA MIXING MATRIX (Cont'd)

parton sea  The most conservative assumption that the strange-
quark sea does not exceed the value corrcspondmg to an SU(3)
symmetric sea leads to a lower bound 4 11 s | -059 Itis more
advantageous to proceed analogously to the mclhod used for
extracting | lml from K4 decav. namely we compare the expen-
mental value for the “Idlh of 1D, 3 decay with the expression”™ that
follows from the standard weak mlcracuon amphtude

0D = Ke*v) = L2020 12asacioltsee hy (9)
Here /'+ (rp py)” s the form factor for 13 decay which 1s the
analogue of f +((p,\ L) ) for A 4 decay 1ts vanaton has been
taken 1nto account with 1hc parametrization
My rf o = MUZM“mmu—*MMIMmmm

the D a form and mass consistent with Mark-111 measurements '’
1718

C ombmmg data on branching ratios for /7, decays with accu-
rate \a]ucsl forr . and TDO gives the value
(0780 10% 10 see " for (D — ke "v,) Therefore

RO = 051-007 (10)

With sufficient conﬁdcncg; in a theoreucal calculation of |/ l_) .
a value of | b | follows -0 2! but even with the very conservative
assumption that | 1 ()] < 1t follows that

br 1 =>066 (1)

The constraint of unitarity when there are only three generations
gives a much tighter bound (see below)

(5) The ratio 117,717, | can be obtained from the semileptonic
decay of B mesons by fitting to the lepton energy spectrum as a
sum of contributions involving » — 1 and h — ¢ The relative
overatl phase space factor between the two processes 1s calculated
from the usual four-fermion interaction with one massive fermion
(¢ quark or « quark) in the final state  The value of this factor
depends on the quark masses but 1s roughly one-half The lack of
observation of the higher momentum leptons characterisuc of

h —u (7, as compared 10 b — (7( has resulted thus far only In
upper himits uhnch dePcnd on the lepton energy spectrum assumed
for cach decay - 22 [sing the lepton momentum region near
the end-point for b ~¢ (u, and taking the calcutation= 3 otﬂlhc lep-
ton spectrum that gives the least restrictive limit results in~

[0/l pl <020 (12)

~\ Iowcr bound on 11 Ml can be established from the obserya-
ton?® of exclusive barvonic B decays into ppw and pp rw which
involve b — u + du at the quark level A chain of assumptions on
the relative phase space. the fraction of the quark-level process
which hadronizes into baryonic channels and the fraction of those
that occur m the observed modes 1s required  No other channels
that reflect b — 1 at the quark level have been observed = 26 Given
the branching fractions of the two observed modes a reasonable
lower hmit 1523

b /1) >007 (13)
{6) The magmtude of I, 1tself can be determined 1f the meas-

ured semileptonic bottom hadron partial width 1s assumed to be
that of a » quark decaying through the usual I -4 interaction
BF(b = cfv,)  Gimy

19273

F(/)—»(‘(F{) = F(m, ,’mb)l lthl2 (14)

Th
where 7, 15 the b Iifeume and FOn /i) s the phase space factor
chosen as 045 Using an average scmllcplomc branching fraction
BF measured 1n the continuum of2T 12 1+08% (which from

Eq (12)1s BF(h - ¢ (u,) to within 10%). a world-average bottom
hadron hfeume28 of (1'18+0 14)x10 2 sec. and my, between 4 8
and 52 GeV., we get

[1,,1 -~ 00460010 (15

Most of the error quoted 1in Eq (15)1s not from the experimental
uncertainty in the value of the A Lifeume but in the theoretical
uncertainties 1n choosing a value of m, and (n the use of the quark
model to represent inclusively semileptonic decays which at Jeast
for the B meson are dominated by a few exclusive channels We
have made the error bars larger than they are sometimes stated 10
refleet these uncertainties  They include the central values obtained
for 11 h | by using a model tor the exclusive final states in sem-
\l\pmmx B decay and extracung 1, 1 from the absolute width for
one or more of them =1 329

The results for three generations of quarks, from Eqs (3). (7).
(8). (11).¢12) (13). and (15} plus unitanty arc summarized in the
matnx in Eq (2) The ranges given there are different from those
givenan Eqs (3) (13) (because of the inclusion of unitanty) but
are consistent with the one-standard-desiation errors on the input
matrix clements

The data do not preclude there betng more than three genera-
tions  Moreover, the entries deduced from unnanty might be
altered when the K-M matnx s expanded to accommodate more
generabions  Conversely, the known entries restrict the possible
values of addinonal elements if the matnix 1s expanded to account
for additional generattons  For example unitanty and the known
clements of the first row require that any addinonal element in the
first row have a magmitude 17, 152007 When there are more
than three generations, the allowed ranges (at 90% C Ly of the
matrix elements connecting the first three generations are

09729 10 09760 0217 to 0223 0003 10 0010
0162 10 0230 065 10 098 0030 to 0062
0 0Lls 0 w7l 0 o 09995 (16)

where we have used unutarity (for the expanded matrin) and
Eqgs (3). (7). (8). (11).(12) (13), and (13)

Further information on_the angles requeres theoretical assump-
vons  For example. B, - B, mixing. 1 1t onginates from short-
distance contributions to MV, dominated by bo\ diagrams invols-
ing virtual 1 quarks. gives information on 1, 1 / once hadronic
matrix clements and the ¢ quark mass are known A simular
comment holds for !, 1, -and B, —Ii mixing

C'P-violating processes will m»olw Ihc phasc in the K-M
matrix. assuming that the obscrved CP violation 1s solehy related 10
a nonzero value of this phase  This allows additional constraints to
be brought to bear  More specifically. a necessary and sufficient
condition for ¢ £ violation with three generations can be formu-
lated in a parametrization-independent manner in terms of the
determinant of the commutator of the mass matnces for the charge

2¢ /3 and charge —¢ 3 quarks Mopa 1olating rates or differences
of rates all are proportional 102 single quanuty which 1s the pro-
duct of factors s |55 3523¢ |2¢ H‘ 2355, !0 the exphait paramcmm-

tion of Refs 3 and 4. and 1s \]\7\ 3¢ I‘ 2 335 10 that of Ref

While hadronic matrix elements whose values are 1mprum|}
known now enter. the constraints from (P violation in the neutral
kaon system are ught enough that there may be no solution at all
for certain quark masses. values of the phase, etc -
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QUARK MODEL*

A QUANTUM NUMBERS

Each quark has spin 1/2  The additive quantum numbers (other
than barvon number = 1/3) of the known (and presumed) quarks
are shown in the table

Quark type (flavor)

Quantum number d " s ( b !
o — clectric ch IR
¢ T cecnecharee LSS TR TR TS TS
1 1
I, 1s0spin z-component | - o | + 3 0 0 0 0
S strangeness 0 0 -1 0 0 0
C — charm 0 0 [Vl I 0 0
B --- bottomness 0 0 0 01 -1 0
T — topness 0 0 0 0 0| ~1

With these conventions any flavor carried by a charged meson has
the same sign as the charge ¢ g. the strangeness S of the K™ 1s +1
and the bottomness B of the B™ 15 - !

B. MESONS

Nearly all known mesons can be understood as bound states of
a quark ¢ and an antiquark g° (the flavors of ¢ and ¢ may be dif-
ferent) If the orbnal angular momentum of the gq~ state 1s L then
the parity P = (- l) A state ¢¢ of a quark and 1ts own anu-
quark |s also an eigenstate of charge conjugation with ¢

l) 8] »\hcrc the spin S =0or 1 The L = 0 states are the
pseudoscalars JP =07, and the vectors. /¥ = 1 Sce the 1able
on lhe next page States in the “normal™ spin-panty scrics. P =
(—I) must. according 10 the above, have S =1 and hence (P =
~1 Thus mesons with normal spin- parm and (P = -1 are for-
bidden 1n the ¢g° quark modcl The JPC =0 state 1s forbidden
as well  Mesons with such /7€ could exist, but would he outside
the g¢” model

States with the same J? and additive quantum numbers can
mix (1f they are cigenstates of charge con)uganon th\ must also
have the same vatue of (') Thus the physical Jt . strange-
ness S = | states. K'|(1270) and K'|(1400). arc mixtures of the pure
guark -model states l\ 14 and A 8 The ¢(3770) 1s a mixture of
S, and- D The n and n’ are mixtures of the SU(3) octet and
smglcl slaus

For the pseudoscalar mesons. the Gell-Mann-Okubo formula 1s

m”2 = %(4;:1,& - mf) R
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Standard quark-model assignments for some of the known mesons

Some assignments, especially for 0% *, are controversial

Note that

only the states in the wir. dd ss. ¢c. and bb columns and the neutral states in the / = | column are eigenstates of charge conjugation ¢

W+, JPC wd wii. dd wii. dd. s§ « bb su sd . cd s bu. bd
g =1 =0 =0 1=0 =1 I=12 1=0 =12
ISO (U T nn m, I D D, B
s, ! p bow I T K*(892) | D*(2010)
P T mass | man Kig
_ 3{’9‘” 0" agl980) | £yl975) £((1400) | x o(1P) | xpo(1P) | K§(1430)
Py | Tl 2600 | £,(1285) £,(18200 | x (1P) | xp,(1P) Ay
Py |2t ay(1320) | £301525) £(1270) | x +(1P) | xpa(1P) | K3(1430)
'p, |2 75(1670)
b, |1 $(3770)
py |2 K5(1770)
D, 3 p3(169_0_)_ | w3(l670)___ o K3(1780)

assuming no octet-singlet mixing  However. the octet ng and
singlet 7, mix because of SU(3) breaking The physical states n and
n’ are given by

n= nxcosﬁp - sinflp
n = ngsinfi, —n cosfly

These combinations diagonalize the mass-squared matrx

The sign of 8 15 meaningful in the quark model If
o= (un+ dd + s9)/\3
ng = (uit ~ dd - 2s)/ V6.

then the matrix clement Vf 128' which 1s due mostly to the strange
quark mass, 1s negative From the relation

tanf, = ———71 .

we find 8, < 0 However we note that caution 1s suggested in the
use of the n—»n" mixing angle formulas, as they are extremely sensi-
tuve to SU(3) breaking [f we allow '”2%8 = 5(4:;1,5 - m,f W1 -3,
the mixing angle 1s determined by

an?f, — 003191 + 173)

fp = =101 +853)

to first order in A A small breaking of the Gell-Mann-Okubo rela-
tion can produce a major modification of

For the vector mesons we rcplace 7 —p. K — K*. n— ¢, and
N —w, SO

@ = wgcosh; —w sinfly.

w = wgsinfly - w cosf.

For “ideal mixing." ¢ = ss.tanfl; = 1/ V2. so - =353
Experimentally, #; 1s near 35° the sign being determined by a for-
mula analogous to that for tanf,  Following this procedure we
find the mixing angles below

Singlet-octet mixing for the pseudoscalar, vector, and tensor me-
sons The sign conventions are as above The value of ., 4 15 ob-
lalged from the cquations above, and 8, 1s obtained by replacing
m= —m throughout Of the two 1sosinglets. the mostly octet one
1s listed first

e Nonet Members f

i . _ quac_i ”hn
0~ . K.nn —10° -23
1 o K*(892), ¢. w 39° 36°
2t a»(1320), K;(l430). £3(1525), [5(1270) 28 26°
3 - p3(1690). I\’;(l780). X(1850). w4(1670) 29° 28°
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In the quark model, the coupling of neutral mesons to two pho-
tons 1s proportional to EQIZ. where Q, is the charge of the /-th
i

quark. This provides an alternative characterization of mixing.
For example. defining
R _ ol ® %
Amp|P —» y(k Yy(k )| — Me €L Iu(z(rAZ_.i‘
where € , is the A component of the polarization vector of the ¢/
photon, one finds

Mo—=yy) _ L_(cosﬂ,, —2\'Esinﬂ,,) - 1—8: + 0.1
M@E0—yy)  \3 V3

sinﬂ,;

M=~ 5373 [cosn,, - 7—,;-] = (0.77 £003)2\373
2\2

M 0= vyy)

These data favor ;, = —20° which 15 compatible with the qua-
dratic mass mixing formula with =12% SU(3) breaking in Mgy,

C. BARYONS

All the established baryons are apparently 3-quark (gqq) states.
and each such state is an SU(3) color singlet. a completely antisym-
metric state of the three possible colors. Since the quarks are fer-
mions. the state function for any baryon must be antisymmetric
under interchange of any two of its quarks. Thus the state is sym-
metric under interchange of the quantum labels other than color:

lagq s, = leolor) ; x lspace. spin. flavor) ¢ .

where the subscripts § and .4 indicate symmetry or antisymmetry
under interchange of any two of the quarks. Note the contrast with
the state function for the three nucleons in *H or *He:

INAA = lspace. spin. isospin) | .

This difference has major implications for internal structure, mag-
netic moments. etc. (For a nice discussion. see Ref. 1.)

Few of the baryons containing ¢ or heavier quarks have yvet
been discovered. so we restrict further attention to baryons made
up of just . u. and s quarks. The three flavors imply a flavor
SU(3). which requires that baryons made of these quarks belong to
the muluplets on the right side of

393©3=10;,08,, ®8, 01,

(see the section on SU(x#) Multiplets and Young Diagrams). Here
the subscripts indicate symmetric. mixed-symmetry. or antisym-
metric states under interchange of any two quarks. The figure
shows particle assignments in these multiplets. States Agand \;
that have the same spin and parity can mix: an example is the
mainly octet D3 A(1690) and mainly singlet D3 A1520). In the
ground state multiplet. the SU(3) flavor singlet A 1s forbidden by
Fermi statistics. The mixing formalism is the same as for -5 or
¢ —w (sec above). except that for baryons the mass M instead of
M= is used. The section SU(3) Isoscalar Factors shows how rela-
tive decay rates in, say, 10 -8 ® 8 decays may be calculated. A

summary of results of fits to the observed baryon masses and decay
rates for the best-known SU(3) multiplets 1s given in Appendiy [l
of our 1982 edition.”

Flavor and spin may be combined in a flavor-spin SU(6) in
which the six basic states are @, d.. -+ .+, (". . = spin up.
down). Then the baryons belong to the multiplets on the right side
of

686®6==5¢ 970, 670, 620, .
These SU(6) muluplets decompose into flavor SU(3) multiplets as
follows:

56 — 410 © 8

0-"100%%08e
20- 864,

where the superscript (254 1) gives the net spin S of the quarks for
cach particle in the SU(3) multiplet. The J© = 12" octet contain-
ing the nucleon and the JP =30 decuplet contamning the A(1232)
together make up the ““ground-state™ 56-plet in which the orbital
angular momenta between the quark pairs are zero (so that the spa-
tial part of the state function is trivially symmetric). The 70 and 20
require some cxcitation of the spatial part of the state function in
order to make the overall state function symmetric. States with
nonzero orbital angular momenta are classified in SU(6)Q@ O(3)
supermultiplets.  Physical baryons with the same quantum numbers
do rot belong to a single supermultiplet. since SU(6) 1s broken by
spin-dependent interactions, differences in quark masses. etc.:
nevertheless, the SU(6)®O(3) basis provides a suntable framework
for describing baryon state functions.

It 1s convenient to classify the baryons into bands that have the
same number .V of quanta of excitation. Each band consists of a
number of supermultiplets. specified by (D .1 (”4 where D is the
dimensionality of the SU(6) representation. /. is the total quark
orbital angular momentum. and # is the total parity. Supermulii-
plets contained in bands up 10 N = 12 are given in Ref. 3. The
N = 0 band. which contains the nucleon and A(1232). consists
only of the (56,0, ) supermuluptet. The N — | band consists only
of the (70.1, ) muluplet and contains the negative-parity baryons
with masses below about 1.9 GeV. The N = 2 band contains five
supermultiplets: (56,0~ ). (70.05' ). (56.2,7). (70.2.7), and (20.1-7).
Baryons belonging to the (20.157) supermuluiplet are not ever likels
1o be observed. since a coupling from the ground-state barvons
requires a two-quark excitation. Selection rules are similarly
responsible for the fact that many other barvon resonances have
not been observed.?

In the table below. quark-model assignments are given tor many
of the established barvons whose SU(6)8 O(3) compositions are
relatively unmixed. Note that the unestablished resonances
MI540) P 3. M(1550) P4y S(1480). X(1360), 2(1580). X(1770). and
Z(1620) 1n our Baryon Full Listings are 100 low in mass to be
accommodated 1n most modern quark models.*3

Quark models for baryons are extensively reviewed in Ref. 6.




Quark-model assignments for some of the known baryons in
Assignments for some states especrally for \(1810) 1(2350)

112

QUARK MODEL (Cont’d)

D. DYNAMICS

Many specific quark models exist. but most contain basically

the same set of dynamical ingredients  These include

1) A confining interaction which 1s generally spin independent
1s used

1) A spin-dependent interaction is added modeled after the
effects of gluon exchange in QCD  For example in the S-
wave states there 15 a spin-spin hyperfine interaction of the
form

Hyp = —agM T @)@\,
1y

where 1/ 15 a constant with umits of energy, At
1=1 8 1s the set of SU(3) unitary spin matrices
defined 1n the “SU(3) Isoscalar Factors and Representation
Matrices™ section and the sum runs over constituent quarks
or antiquarks Spin-orbit 1nteractions. although allowed
seem 1o be small

m) The strange quark mass 1s taken 10 be somewhat larger than
the up and down quark masses 1n order 1o split the SU(3)
muluplets

1

v} In the case of1soscalar mesons, an interaction 1s needed for
mixing g¢ configurations of different flavors (e g.
ult —dd 55 10 a manner which 1s generally chosen to be fla-
vor independent

These four ingredients provide the basic mechanisms which deter-
mine the hadron spectrum

terms of a flavor-spin SU(6) basis
=(1820). and =(2030). ar¢c merely educated guesses

Revised Apnil 1988 by J Donoghue and D M Manley

FE Close 1n Quarks and Nuclear Forces (Springer-Verlag
1982). p 56

Particle Data Group. Phys Lett 111B (1982)

R H Dalitzand LJ Reinders 1n Hudvon Structire us Anown
from Electromagnetic and Strong Interactions, Proceedings of
the Hadron "77 Conference (Veda 1979) p 11

N Isgur and G Karl Phys Rev DI8. 4187 (1978).1id D19,
2633 (1979) 1nd D20 1191 (1979), and K -T Chao N I[sgur
and G Karl, Phys Rev D23 155 (1981)

C P Forsyth and R E Cutkosky Z Phys CI8 219 (1983)
AJ G Hey and RL Kelly, Phys Reports 96, 71 (1983)  Also
see S Gasiorowicz and J L Rosner, Am J Phys 49 954
(1981)

Only the dominant representation s histed

JP (D ]',()) S Octet members Singlets
1:2° (360, 1/2 \N(939) A(1116)  X(1193)  =(1318)
1/2° (56 0-")  1/2  N(1440)  A(1600)  Z(1660)  =(7)
1/2 (70.1, ) /2 N(IS35)  A(1670)  Z(1620)  =(7) \(1405)
32 (70 1,7y 120 N(I520)  A(1690)  I(1670)  Z(1820)  \(1520)
1/2 (701, ) 3/2 M6y  A(1800)  E(1750) ()
372 (70 1,7y 372 N(1700) A (") ()
572 (70.1,7)y 3.2 A(1675)  A(1830) (1775 =)
1727 (70057) 172 N(L7I0)  A(1810)  Z(1880) =M (")
32 (56 2.7y 172 N(1720)  A(1890y  X(7) =M
5/2° (362-7) 172 N(1680)  A(1820)  T(1913)  =(2030)
7:2 (7033 ) 12 N2y W) M =" L(2100)
9/27 (7037 ) 32 M50y (™) =) =7
9/2" (56.457) 172 A2220)  A(2350) (M) ="

Decuplet members
32 (56.0°)  3/2  A(1232)  I(1385)  Z(1530)  Q(1672)
1/2 (70.07) 172 206200 (M) =) Q€
372 (700, ) 172 20700y X(™) Z(”) ")
527 (56.27)  3/2 A(1905) =M =" QA7)
7/2° (562y7)  3/2 A(1950)  2030)  Z(") o)
(5645 ) 372 A2420) () =M (7)

1/27
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MONTE CARLO PARTICLE NUMBERING SCHEME*

Most particle physics Monte Carlo and analysis systems use a
numbering scheme 1o represent particles  The lack of standardiza-
tion of such schemes inhibits interfacing different programs  The
following table proposes a standard numbering scheme  Some of
the propertics of this scheme are

1 Quarks and leptons are ordered by fanuly, and within the fam-
ity by sospin This puts the w and ¢ 1n the opposite order
than 1s often used in other numbering schemes  [n our scheme
we call the highest numbered quark the heaviest quark

2 For muluple quark systems (mesons, barvons and diquarks).
the nghtmost digitas generally 7. — 27 - 1 (The I\{] and l\,'f
are excepuons )

3 Mesons are represented by the form M VL and baryons by
NYAL where MV and A are quark numbers

4 For these systems the heaviest quark s usually on the left and
the quarks are in decreasing mass order from left to nght One
exception to this convention 1s the A/-AJ parr A second
exception s tor the v's for which we invert the up and down
quarks to distinguish the \ from the 3¢

5 The other exception 1o this mass order rule 18 for some Vs

and A's  For N's the « and ¢ quark are reversed for spins 3/2

and 7;2 For As they are reversed for spins 172 and 5/2 The

quarks arc in the normal decreasing order when 7+ .J 15 odd

6 Mecesons and only mesons have the third digit nonzero and the
fourth digit zero (We designate the nghtmost digit as the first
digit )

7 Only baryons and diquarks have the fourth digit nonzero

8  Only quarks and diquarks have the second digit equal to zero

9 Particles have posiine numbers cach antiparticle has the nega-
uve of 1ts counterpart

10 The particle-anuiparticle convention 1s the one used by the

Particle Data Group so that the A~ and B~ are parucles
Il The above rules imply that for mesons (as opposed 1o anti-
mesons) when the number of the leftmost (heaviest) quark s
even 1t1s @ quark and when the number of the fefimost quark
1s odd 1tas an anuquark
12 The gluon has two numbers
1t with the other gauge bosons
glueball 15 specified as 99
13 The fifth digit 1s used 1o differenuate different particles with
the same quark content and spin
14 Although 1sospin 15 not manifest in this scheme there 1s some
1sospin content  Mesons with 11J arc isospin 1 and those with
227 aresospin O For nonstrange barvons 1f the quarks are 1n
the normal decreasing order then / - J 15 odd otherwise [ - J
1s even It a strange baryon does not have the normal decreas-
ing quark order 1thas/ — 0
More details about the motvation behind and properties of
this scheme can be found in Ret 1 Although this scheme has the
adyvantage that a parucle’s number has considerable phiysics con-
tent it has the disadvantage that 1t 1s not compact  An algonthm
that translates this scheme into a more compact scheme 1s needed
for its implementation  Contact the Berkeley Particle Data Group
for further intormauon on such an algonthm
A hist of particle numbers follows

Its official number 1s 21 1o place
[ts number 1s also 9 so that a

Written April 1988 by G R Lynch and TG Trippe

I TG Trppe and G R Lynch  Parucle [ 1D Numbers Decay
Tables and Other Possible Contributions ot the Particle Data
Group to Monte Carlo Standards  LBL-24287 1n Proceedimes
of the Workshop on Detector Simudation for the SSC (August
1987)
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OTHER MESONS (Cont'd)
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MONTE CARLO PARTICLE NUMBERING SCHEME (Cont'd)
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PLOTS OF CROSS SECTIONS AND RELATED QUANTITIES

NOTE: THE FIGURES IN THIS SECTION ARE INTENDED TO SHOW THE “BEST’ OR “MOST REPRESENTATIVE” DATA IN THE
OPINION OF THE COMPILER. THEY ARE NOT NECESSARILY COMPLETE COMPILATIONS OF ALL THE WORLD’S RELIABLE DATA.

Structure Functions
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The nucleon structure functions F; and xF 3 measured 1n charged-current neutnino and antineutnino scattering on iron (CCFRR, CDHSW)
and marble (CHARM) targets, versus Q for fixed bins of x Filled symbols are read on the nght-hand scale, open symbols (appeanng for
alternate x values) on the lefi-hand scale Only statistical errors are shown R =g, /oy = 015 used in the CHARM data, and a QCD
prediction for R 1s assumed 1in the CCFRR and CDHSW data The CHARM measurements have not been corrected for the recalibration
of the total neutrino and antineutrino cross sections in the CERN neutnino beam which was completed after the publication of these data
References CCFRR — D B MacFarlane et al , Z Phys C26, | (1984), CDHSW — V Vallage, Thesis, Universite de Pans Sud, Orsay
(1986) and Chr Geweniger, private communication, CHARM — F Bergsma et al, Phys Lett 123B, 269 (1983) and Phys Lett 141B, 129
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The proton structure function F g measured 1n
electromagnetic scattering of electrons (SLAC-
MIT) and muons (BCDMS, EMC) on hydrogen
targets, versus Qz, for fixed bins of x The data
have been multiplied by the factors shown on the
left-hand figure for convenience 1n plotting  Only
statistical errors are shown R = op/or=0211s
assumed 1n the SLAC-MIT data, R = 0 1n the
EMC data, and a QCD prediction for R 1n the
BCDMS data Where necessary, the SLAC-MIT
and EMC data were interpolated to the x bins of
the BCOMS data References SLAC-MIT — A
Bodek et al, Phys Rev D20, 1471 (1979), EMC
—JJ Aubertetal,
(1985), BCDMS — A Ouraou, Thesis, Univer-
site de Pans Sud, Orsay (1988)

Nucl Phys B259, 189
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Structure Functions
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The nucleon structure function /', measured 1n electromagnetic
scattering of muons on 1ron (BFP, EMC) and carbon (BCDMS) tar-
gets, versus Q7. for fixed bins of v For v of 005, 0125, 0175,
0275, 0 45, and 0 65 use the nght-hand scale, otherwise use the left-
hand scale Only statistical errors are shown R =0, /o, =01s
used in the BFP data. and a QCD prediction for R 1s assumed 1n
the BCDMS and EMC data References BCDMS A Benvenun
et al. Phys Lett B195, 91 (1987), BFP — P D Mevers et al . Phys
Rev D34, 1265 (1986). EMC
158 (1986)

JJ Aubert et al, Nucl Phys B272,
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The structure functions /5. ¥F3 and ¢* measured 1n different
experiments on 1soscalar targets as a function of Bjorken v The
CCFRR. CDHSW. BFP, and EMC data were taken with iron tar-
gets, the CHARM data with a marble (CaCO;) target. and the
BCDMS data with a carbon target  Only statistical errors are
shown The CHARM and BFP collaborations assume R = a,loy
= 0. whereas a QCD prediction for R 1s assumed 1n the analysis of
the CCFRR. CDHSW, BCDMS. and EMC data The clectromag-
neuc structure function I’ﬁ‘\ 1s compared to the charged-current
structure function Fi"\ correcting for the average squared quark
charge 5/18 No corrections have been applied for the difference
between the strange and charmed quark sea References CCFRR
— D B MacFarlane etal . Z Phys €26. 1 (1984). CDHSW - \
Vallage. Thesis, Universtie de Pans Sud. Orsay (1986) and Chre
Geweniger, private communication, CHARM F Bergsma et al,
Phys Lett 123B. 269 (1983) and Phys Lett 141B, 129 (1984).
BCDMS — A Benvenuti et al, Phys Lett B195. 91 (1987). BFP
— P D Meyers et al . Phys Rev D34, 1265 (1986). EMC  JJ
Aubert et al , Nucl Phys B272. 158 (1986)
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“EMC” Effect
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The ratio of nucleon structure functions Ff‘(.\' )/I"?(\‘) for nuclear targets A compared to deuterium D, measured in deep 1nelastic elec-
tron (SLAC-E139) and muon (BCDMS, EMC) scattering  (a) medium-weight targets (A = N, C), (b) heavy targets (A = Fe. Cu) Only sta-

ustical errors are shown The SLAC-E139 data were evaluated as
= g, /o7 15 independent of A References

and SLAC-PUB-3257 (1983)

cross section ratios ¢ /o~ but are equal to structure function ratios 1f R

BCDMS — G Bariet al, Phys Lett 163B, 282 (1985), and A C Benvenuti et al , Phys Lett
B189, 483 (1987). EMC — J Ashman et al , CERN-EP/88-06 (1988), SLAC-E139

R G Arnold et al . Phys Rev Lett 52, 727 (1984),
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Average multiplicity as a function of Vs for pp at the SppS for pp
at the ISR. (open circles) and for e *e Solid curve 1s a fit by
Thome et al to their data (sohd circles) with the form (Nep) =
088 + 044 ¢éns + 0118 (fns)° ¢~ ¢ data points have been
combined to reduce overlap. errors (not shown) are dominated by
10%-25% systematic effects References pp — GJ Alneretal,
Phys Lett 138B, 304 (1984), pp - W Thome et al, Nucl Phys
B129. 365 (1977). WM Morsc et al , Phys Rev D15, 66 (1977),
and J Benecke et al, Nucl Phys B76. 29 (1974), ¢ Te ™~
ADONE C Bacci et al, Phys Lett 86B. 234 (1979). MARK 1
J L Siegnst et al, Phys Rev D26, 969 (1982), LENA

B Niczyporuk et al . Z Phys €9. 1 (1981), and TASSO

M Althoffet al . Z Phys €229. 307 (1984)
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Jet Production in pp and pp Interactions
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Dnfferential cross sections for observation of a single jet of rapidity
¥ = 0 as a function of the jet transversc momentum ISR (pp) and
SppS collider (pp) data compared Error bars include a contribu-
tion due to estimated systematic error in defining jet direction and
py Sold curve QCD prediction, refer 1o the “Cross-Section For-
mulae for Specific Processes™ section and the “Quantum Chromo-
dynamics™ section in the full-sized ediion References ISR-T
Akesson ¢t al, Phys Lett 118B, 185 (1982), UA2 - P Bagnaia et
al, Phys Lett 138B, 430 (1984), and P Bagnaia et al, Z Phys
C20, 117 (1983), UA> - G Armison et al . Phys Lett 123B, 115
(1983a), and G Armison ¢t al , Phys Lett 132B, 144 (1983b)

Pseudorapidity in pp Interactions
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Comparnison of the distnbution of the pseudorapidity
n = —¢n(tanf_ /2) for charged-particle production
1n proton-antiproton collisions at Vs = 53 GeV (1)
and 540 GeV (2) References (1) K Alpgard et al,
Phys Lett 112B, 209 (1982). (2) UAS Collaboration,
presented by J Rushbrooke 1n the Proceedings of the
X1V International Symposium on Multiparticle
Dynamics, eds J F Gunion and PM Yager (World
Scientific Publishing Co , Singapore. 1984)

Fragmentation Function

(ub GeV?)

(s/B)(da/dz)

The cross section (s /8) da/d= versus = for producing a hadron A
in e*e” annihilation, measured 1n different experiments, for fixed
energies Q2 = s This quantity 1s closely related to the fragmenta-
tion function Dlh(:. Qz) as discussed 1n the “Cross-Section Formu-
lae for Specific Processes™ section Note that we usc

= (£ + Pdhadron/(E + P i)quark‘ whereas some experiments use

= Epadron’E beam OF

2 = Phadron’(Epeam ~ m,fad )'/2" The data are shown for pions
(singlet term) The data for heavy quarks are frequently
parametrized by the Peterson ct al form, D(z) =

Nz (1 - z)z/[(l - :)2 + e,:]z The parameter ¢ for quark type ¢
depends on Vs and upon the heavy %u86§ mass At Vs ~ 30
GeV, ¢, =000620002,¢. =0 006t Curves coresponding
to these values (M 1s chosen arbitranly) are shown on the figure
References C Peterson ct al, Phys Rev D27, 105 (1983). TPC --
H Aihara etal, Z Phys C27. 495 (1985). and J Chnn, Z Phys
C36, 163 (1987)

[FERZ]
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R in e e Collisions
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Selected measurements of R = a(¢ "¢~ — hadrons)/a(¢ ¢ — u~ ). where the annmihilation 1n the numerator proceeds via one pho-
ton or via the 2" The denominator 1s the calculated QED single-photon process. see the section on Cross-Section Formulae for Specific
Processes  Radiative corrections and. where important. corrections for two-photon processes and 7 production have been made  Note that
the ADONE data (yy2 and MEA) 1s for =3 hadrons  The points in the ¢(3770) region are from the MARK 1 -+ Lead Glass Wall experi-
ment  To preserve clarity only a representative subset of the available measurements 1s shown -- references to additional data are included
below  Also for clarity some points have been combined or shified shightly («24%) in I . and some points with low statistical signifi-
cance have been omitted  Systematic normalization errors are not included, they range from ~35 - 20%, depending on experiment We
caution that especially the older experiments tend 1o have large normabzation uncertaintics  Note the suppressed zero  The honzontal
extent of the plot symbols has no sigmificance  The positions of the J/4(18) $(28) and the four lowest T \eclor-meson resonances are
indicated  Two curves are overlaid for E . > 11 GeV, showing the theoreucal prediction for R including higher order QCD |.\1 Dine
and J Sapirstein Phys Rev Lett 43, 668 (l‘)79)| and electroweak corrections  The lower curve 1s with \oep - 100 MeV and the upper
curve 1s for A\gep = 300 MeV References (including several references 1o data not appearing in the figure and some references to prelim-
inary data) AMY - H Sagawa ctal. Phys Rev Lett 60 93 (1988), CELLO ~ H-J Behrend etal Phys Lett 144B. 297 (1984) and

H -J Behrend ct al. Phys Lett 183B 400 (1987), CLEO — R Giles et al . Phys Rev D29, 1285 (1984) and 1D Besson et al Phyvs Rev
Lett 54, 381 (1985) CUSB  E Rice et al. Phys Rev Lett 48 906 (1982) CRYSTAL BALL A Osterheld et al . SLAC-PUB-4160
submitted to Phys Rev D (1986). DASP R Brandelik etal. Phys Lett 76B 361 (1978) DASP 11 Phys Lett 116B 383 (1982)
DCI G Cosme ctal Nucl Phys B152, 215(1979) DHHM P Bock et al (DESY-Hamburg-Heidelberg-MPI M ) Z Phys €6, 125
(1980). vy2 --- C Bacci et al. Phys Lett 86B. 234 (1979). HRS — D Bender et al Phys Rev D311 (1985). JADE — W Bartel et al
Phys Lett 129B. 145 (1983). and W Bartel etal Phys Lett 160B. 337 (1985) LENA — B Niczyporuk et al Phys Lett 99B 169 (1981)
and Phys Rev Lett 46. 92 (1981) MAC  E Fernandez et al . Phys Rev D31, 1337 (1985) MARK J B Adevactal Phys Rew

Lett 50. 799 (1983). and B Adcva et al. Phys Rev D34 681 (1986) MARK T - J L Siegnst et al Phys Rey D26 969 (1982) MARK 1
+ Lead Glass Wall — P A Rapidis ctal Phys Rev Lett 39,526 (1977) and P A Rapudis thesis, SLAC-Report-220 (1979) MARK 11

J Patnck, Ph D thesis LBL-14585 (1982) MEA B Esposito et al. Lett Nuovo Cimento 19, 21 (1977) PLUTO - A B (1977)

C Gerke, thesis Hamburg Univ (1979). Ch Berger et al Phys  Lett 81B 410 (1979) and W Lackas thesis RWTH Aachen DESY
Pluto-81/11 (1981). TASSO - R Brandelik et al Phys Lett 113B 499 (1982), and M Althoft et al Phys Lett 138B 341 (1984
TOPAZ 1 Adachictal. Phys Rev Lett 60.97(1988). and VENUS - H Yoshidactal Phys Leu 198B 570 (1987)
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ar/E, for the muon neutrino and anuincutrino charged-current total cross section as a function of neutrino
energy The error bars include both statistical and systemauic errors  The straight Iines are averages for the
CCFRR mcasurement  Note the change in the energy scale between 30 and 50 GeV The data points on the
right give averages for other high energy measurements  References (1) D B MacFarlane et al Z Phys
C26.1(1984).(2) P Berge etal Z Phys €35 443 (1987). (3) ] Morfin et al . Phys Lett 104B 235 (1981)
(4) DC Colley etal Z Phys C2 187(1979) (5) O Ernquesz ¢tal Phys Lett 80B. 309 (1979), (6) A S
Vovenko etal Sov J Nucl Phys 30 527(1979),(7) DS Baranos etal Phys Lett 81B 255 (1979), (8)
Baltay et al . Phys Reyv Lett 44 916 (1980). (9) S Ciampolillo et al  Phys Lett 84B 281 (1979). (*0y S )
Barish ct al Phys Rev D19 2521 (1979) (1) 1V Allaby et al “Total Cross Sections of Charged-Current
Neutrino and Anti-Neutrino Interacuons on lsoscalar Nucler,™ CERN-EP/87-225 (1987). 1o be publ 1n

Z Phys C £, =10 160 GeV (12) P Bosetti ¢t al Phys Lett 110B. 167 (1982) £, = 20-200 GeV as
revised iIn M Aderholz et al  Phys Lett 173B. 211 (1986) (13) T Kutagaki et al . Phys Rev Lent 49 98
(1982) £, =10-200 GeV (14) NJ Baker etal. Phys Rev Lett S1..735(1983), 1., = 10-240 GeV (13)

G N Taylor et al Phys Rev Lett 51 739 (1983). /7, =5 250 GeV. (16) NJ Baker et al . Phys Rev D25,
617(1982) £, =16-10GeV Courtesy M H Shaevitz Columbia University (Newvis Laboratory)
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Hadron Cross Sections

High-energy Parametrizations

The CERN-HERA Group has done a least-squares fit to the cross section 1n the high-energy region for each of the hadron reactions
plotted below The parametnization they used was o = 4 + Bp”" + C(nz(p) + Dén(p), where g 1s 1n mb and p 15 1n GeV/c The best-fit
coefficients A, B, C, and D and the fitted exponent n are tabulated here The errors in these parameters are highly correlated, this should
be taken 1nto account before making any changes The applicable momentum range 1s given 1n the nght-hand column

Momentum

range (GeV/c)
Reaction A B n C D Pmin ~ Pmax
Ap (total) 18014 01210024 -392x110 638+054 0 0120-210
Ap (elastic) 349+145 26277 -101+257 0 0 20-240
vp (total) 0152+0005 -00168+0 0200 -170+471 000245+000033 -00192+00026 30-183
vd (total) 03130009 -0000124+0 000091 190+025 0016500058 -00719+00141 20-178
= *p (total) 32102 48700+ 5910 -785+025 0540+0015 -441+011 4 00-340
= *p (elastic) 707043 11312 -160+086 0160+0032 ~-156+024 20-250
=*d (total) 592+17 363+104 -270+283 0775+0098 -654+083 6 0-340
= p (total) 331+03 15010 -141+050 0458+0018 -406+015 25-370
® p (elastic) 173+009 112+x03 -063+015 00437 +0 0040 0 20-360
7 d (total) 417+03 440=+15 -080=015 0150+0011 0 25-370
K*p (total) 17103 554+139 -267x209 0139+0039 -0270+0229 20-310
K*p (elastic) 584+013 172+05 -306=040 0206+0016 -171+£010 15-250
K*d (total) 353+03 235+70 -434+818 03970028 -147+018 20-310
K*n (total) 184+03 175+136 -785+025 0198+0026 -0753+019 20-310
K™ p (total) -211%87 562+91 -027+£096 -0155+£0135 624+194 30-310
K™ p (elastic) 724+012 460+42 -471+142 0279+0015 -235+0089 20-175
K~d (1otal) 46116 261+35 -114+121 0569+0089 -417x076 30-310
K™ n (total) | —-1040+ 100 1060+ 100 -003+044 0 27827 25-310
pp (total) 456+01 219+9 -423+092 04100007 -341+006 30-2100
pp (elastic) 112+03 255+10 -112+028 0151+0011 -162+012 20-2100
pd (total) 922+03 -00811=00260 074+142 136+010 -982+037 30-370
pd (elastic) -237+426 252+424 007+600 ~0506+139 -203=+285 20-384
np (total) 47701 -100+2 -457+040 05120010 -429+006 20-280
pp (total) 411+12 772£29 -068+014 0293+0024 -182+034 5 0-432000
pp (elastic) 10604 531x12S -119=x010 0136+0012 -141+014 2 0-159000
pd (1otal) 112+3 125+ 6 -108+030 1152019 -126+16 20-280
pn (total) 419+09 962+42 -099+016 -0154+0208 0 113-280
pn (elastc) 375+62 -263+161 -258+24 16 -126+43 0 113-555
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PLOTS OF CROSS SECTIONS AND RELATED QUANTITIES (Cont'd)
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Hadronic Cross Sections
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A Baldimi V Flamimo W (G Moorhead and D R O Mornson, CERN and COMPAS Group. THEP Serpukhov USSR See Total

Cross-Sections for Reactions of High Energy Particles Landolt-Bornstein: New Senies Yol 12a and 12b H Schopper Ed (1987)
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PLOTS OF CROSS SECTIONS AND RELATED QUANTITIES (Cont'd)

Hadronic Cross Sections
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PLOTS OF CROSS SECTIONS AND RELATED QUANTITIES (Cont'd)
Hadronic Cross Sections
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PLOTS OF CROSS SECTIONS AND RELATED QUANTITIES (Cont’d)
Hadronic Cross Sections
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Hadronic Cross Sections
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